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Abstract In this work, the results of DFT-based calcula-

tions on the structures, stabilities, vibrational, electronic,

and hydrogen storage behavior of (CaO)n rings are pre-

sented and discussed systematically. The equilibrium ring

structures of Ca–O clusters for n = 2–5 are found to be

stable. Vibrational frequencies and IR intensities further

support the enhanced stability with an increase in the size

of Ca–O clusters. The HOMO–LUMO surfaces and their

derived parameters are used to explain the electronic

properties of the titled systems. For efficient hydrogen

storage, metals especially, the transition metals with large

cohesive energy (CE) suffer from the problem of cohesion

as it is expected that the adsorption energies of metal

decorated absorbents should be larger than the CEs of

metal. In order to avoid this, hydrogen adsorbed directly on

the absorbents is preferred. Due to relatively smaller CEs

of the s-block metals, hydrogen adsorbs directly on the

cluster which indeed solves the problem of cohesion. The

hydrogen storage capacity of (CaO)n clusters, considering

hydrogen adsorption on (CaO)4 and (CaO)5 rings is stud-

ied. The outcomes appear to give meaningful and satis-

factory results. Thus the present work is expected to lead

further the applications of small clusters for easy, efficient,

and eco-friendly hydrogen storage.

Keywords Calcium oxides � Stability � Electronic

property � Hydrogen storage � Density functional theory

Introduction

It is well known that calcium is placed directly below

magnesium in the group IIA metals in the periodic table.

Since Mg having 3 s valence electrons, the chemical

properties of Ca can be investigated especially by the

nature of its 4 s valence electrons. In spite of the fact that

Ca–O and Mg–O clusters are supposed to show similar

properties, appealing differences can also possible as cal-

cium has a larger size and polarizability and a lower ion-

ization potential and both the bulk metals as well as their

oxides are more tightly bound that their Mg analogues.

Apart from this, the experimental observations appear to

indicate that small Ca–O clusters present stability trend

different from those of clusters of the Mg–O frameworks.

There are several applications on small clusters having

peculiar features which have been used enormously for

intensive understanding of the building blocks of materials.

Some properties of clusters are too unique to be found in

their bulk analogues. For instance, metal oxide particles are

often appraised to be bulk fragments but their features

could be entirely different in small cluster systems [1–3].

Calcium oxide crystallizes in the rock-salt structure with

mainly ionic bonding including some degree of covalency.

This prototype oxide possesses a wide band-gap (* 7 eV)

and high dielectric constant (* 12) [4]. Local density

approximation based band-structure calculations provide a

half-metallic ferromagnetic ground state for CaO [5]. CaO

is used as catalyst, toxic-waste remediation agent, an

additive in refractory, in the paint as well as for other

fundamental applications [6]. CaO nanoparticles have also

been promising as a destructive adsorbent for toxic

chemical agent [7]. Nanocrystalline CaO is also widely

used as an absorbent to remove COD from paper mill

effluent.
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Several experimental studies have been focused on the

small clusters of Ca–O. The mass spectra of [(CaO)n
?] [8]

and [(CaO)nCa2?] [9] cluster ions have been reported and

the experimental studies on singly and doubly charged

clusters of Ca–O based on laser ionization time-of-flight

mass spectrometry have also been reported [10]. Attempts

have also been made to explain the general trends observed

in these experiments. However, theoretical studies on Ca–

O clusters are relatively scarce. Only a few futile attempts

have been made to draw conclusion on the structures and

bonding in Ca–O clusters [11, 12]. The present study is

expected to enhance the understanding of structure and

stability trends in Ca–O clusters. We have performed a

systematic study on structures, stability [in terms of bind-

ing energy (BE) and Gibbs free energy of reaction],

vibrational and electronic properties of (CaO)n ring clusters

for n B 5 employing a computational quantum mechanical

modelling method as density functional theory (DFT)

approach.

Hydrogen energy has been proven as a highly efficient

and eco-friendly choice to fossil fuels [13, 14]. In practice,

hydrogen requires being stored at optimum temperatures

and pressures with fast kinetics and easy reversibility [15].

A natural alternative to adsorbent material would be

materials having light elements. Hydrogen adsorption via

carbon-based materials and their analogues have been

extensively studied [16–25], however, some have been

found to adsorb hydrogen very weakly [20–22]. The pre-

sent work demonstrates hydrogen storage capability of

(CaO)n ring clusters. For efficient hydrogen storage, the

adsorption energies of metal decorated absorbents should

be larger than the cohesive energies (CEs) of metal. Due to

their large CEs, transition metals suffer from the problem

of cohesion. To overcome this problem, hydrogen adsorbed

directly on the absorbents should be preferred [26]. Since,

s-block metals possess relatively smaller CEs [27], there-

fore, hydrogen adsorbs directly on the cluster which

eliminates the problem of cohesion.

The goal of the present work is to provide a theoretical

characterization of interactions in terms of BE (stability

pattern) and the hydrogen storage behavior in the given

clusters (CaO)n (n = 1–5). Aside from the theoretical study

on the behavior of such kind of interactions and the

hydrogen storage behavior, the structures, electronic fea-

tures as well as the vibrational analysis have also been

probed in the framework of the DFT approach which have

also been highlighted in this work. To the best of our

knowledge, this is the first report on the clusters derived

from the Ca–O framework which deals with structural

analysis including point group symmetry, electronic

(HOMO–LUMO plots) and normal mode (vibrational

assignments) features, analyzed from the DFT approach

using B3LYP and M06-2X functionals with

6-311??G(d,p) basis set. The clusters of Ca–O framework

obtained in the present study allow an extensive compar-

ison with those obtained previously for Mg–O clusters

[28]. Here, we report a systematic study of the results of an

investigation of Ca–O clusters which is presented effi-

ciently in the framework of DFT method with the addi-

tional support of the derived cyclic clusters (n = 4 and 5)

representing the efficient hydrogen storage capacity

behavior.

Computational Methods

The computations using DFT approach are based on gen-

eralized gradient approximated hybrid functional as the

B3LYP which Becke’s three parameter with 20% Hartree–

Fock (HF) exchange including the correlation term devel-

oped by Lee, Yang, and Parr [29, 30] and meta hybrid

functional as M06-2X having functional (54% HF

exchange) by Yan-Truhlar [31, 32] and the outcomes of the

DFT approach are promising [33, 34] and they have been

extensively used. A complete basis set, 6-311??G(d,p)

which includes both diffuse as well as polarization func-

tions has been exercised throughout the DFT calculations

using B3LYP and M06-2X functionals which are a good

choice for Ca–O clusters as reported by Bawa and Panas

[35]. All geometries have been fully optimized with no

symmetry constraint in the potential energy surfaces.

Vibrational frequencies were also calculated at the same

level of theory as aforementioned above. All quantum

chemical computations were performed with the help of

Gaussian 09 [36] package at Linux workstation. The cal-

culated bond length (see Table 1) of CaO with C?v point

group, 1.84 and 1.83 Å using the B3LYP and M06-2X

functionals, respectively in which the bond length at M06-

2X level of theory is in close proximity with the experi-

mental outcome (1.82 Å) while the BE values for CaO

monomer are 4.58 and 5.96 eV at B3LYP and M06-2X

level of theory, correspondingly in which the estimated

experimental BE value of the CaO monomer (4.76 eV) is

close to the computed BE value (4.58 eV) using the

B3LYP method [11, 12, 37]. The computed vibrational

frequency (see Table 2) for CaO is 763.5 cm-1 which

appear to give a general agreement with the experimental

outcomes (732.1 cm-1) [37] as the DFT approach for CaO

system has been in the gas phase. This may suggest the

validity the DFT method employed here in this research

work. The natural bond orbital (NBO) analyses have also

been performed using the same aforementioned approach

as mentioned above.

58 A. K. Srivastava et al.

123



Results and Discussion

Structures and Stabilities

The equilibrium planar structures of (CaO)n small clusters

(n = 2–5) can be discerned from Fig. 1. The cyclic ring

clusters studied here (n = 1–5), strongly favor the higher

order of symmetry with the increase in n. For example,

here (CaO)4 tetramer planar cluster possesses D4h point

group of symmetry. More interestingly, they belong to at

least some local minima in the potential energy surface.

The structural parameters of planar (CaO)n clusters are

listed in Table 1. Using the B3LYP method, one can note

that the bond-length (Ca–O) increases from 1.84 Å (1.83 Å

at M06-2X level of theory) in CaO (1.77 Å in case of Mg–

O) to 2.06–2.07 Å in (CaO)n (n[ 2) [1.83–1.89 Å in

(MgO)n (n[ 2)] and saturates which clearly shows that the

Mg–O molecules are tightly bound to each other in Mg–O

clusters. It can clearly be seen from Fig. 1 that in the case

of ring clusters (n = 2–5) the ring size increases as the

bond angles Ca–O–Ca and O–Ca–O increase. As the ring

size increases, the geometrical parameters have been found

to be in the same order using the both B3LYP and M06-2X

approaches which can be reflected from the Table 1.

In order to analyze the energetics (stability pattern) of

these planar (CaO)n clusters, we have also calculated other

possible isomers of (CaO)n clusters as shown in Fig. 2. One

can note that the planar (CaO)n ring structures correspond

to global minima for n B 3 but local minima for n C 4.

Few more insights regarding the feasibility of reaction

(another parameter used for probing the stability order), the

Gibbs free energy of formation (DGform),

n(CaO) ? (CaO)n, has also been computed. The energy

for the smallest ring cluster, (CaO)2 having C2h point

group, (see Fig. 1, system 2 in the Table 1), is depicted as

- 4.66 and - 5.41 eV at B3LYP and M06-2X levels of

study, respectively. For instance, a ladder isomer of n = 3

(see Fig. 2, ladder structure constituted by two squares, 3a

in Table 2) has been found to be 0.10 eV and 0.03 eV

higher in energy [i.e., relative energy (RE) with respect to

the global minima structure] (less stable) than (CaO)3 ring

cluster with C2v point group at B3LYP and M06-2X levels

of theory, respectively.

In order to depict the stability of planar (CaO)n clusters,

we have calculated the binding energy per CaO as follows;

BE ¼ ½n� EfCaOg � EfðCaOÞng�
n

; 1\n� 5

where the total electronic energy of respective species

including zero point correction is indicated by the term as

E{..}. Tables 1 and 2 lists the calculated BE values of

(CaO)n clusters, which suggest that the planar structures

are stable against dissociation to CaO molecules.

The BE value for 3a ladder structure is 3.16 eV which

fairly indicate that the ladder system is less stable than its

ring cluster (3.19 eV) with the employment of the B3LYP

method, which is strongly supported by the RE results.

Surprisingly, the BE of (CaO)3 (see Fig. 1, species 3 from

Table 1) (3.19 eV) is found to be more stable than the

(MgO)3 cluster having BE 2.89 eV. The M06-2X method

Table 1 Structural parameters (bond-length and bond-angles), binding energies (BEs), and Gibbs free energy of formation (DGform) of planar

(CaO)n rings

Species n

ring

Ca–O

(Å)

Ca–O–Ca

(�)

O–Ca–O

(�)

BE of (MgO)n
28

(eV)

BE of (CaO)n
(eV)

DGform

(eV)

1 1 (C?v) 1.84 (1.83) – – – – –

2 2 (C2h) 2.06 (2.06) 93.1 (92.5) 86.8 (87.5) 2.89 2.58 (2.95) - 4.66 (- 5.41)

3 3 (C2v) 2.06 (2.06) 124.1 (123.4) 115.6 (116.3) 4.00 3.19 (3.66) - 8.62 (- 10.01)

4 4 (D4h) 2.07 (2.07) 140.9 (139.5) 129.1 (130.5) 4.50 3.33 (3.81) - 11.96 (- 13.81)

5 5 (D5h) 2.07 (2.07) 151.7 (146.5) 136.2 (138.7) 4.60 3.38 (3.86) - 15.09 (- 17.53)

M06-2X computed values are given in parentheses

Fig. 1 Optimized planar ring

structures of (CaO)n rings at

B3LYP and M06-2X levels

DFT Study on Planar (CaO)n Rings (n = 1–5) and Their Hydrogen Storage Behavior: Ca–O… 59

123



also gives the similar order of stability with the BE values

of 3.64 eV for ladder isomer and 3.66 eV for (CaO)3 ring.

The negative DGform values as - 8.62 and - 10.01 eV for

n = 3 ring cluster clearly indicate that the reaction is more

feasible (more stable) for the ring cluster than that of its

isomer having values - 8.53 and - 9.95 eV which is in

nice agreement with its BEs and RE values (see Table 1 for

ring system and Table 2 for its isomer). As the polarity of a

molecule depends on the electronegative difference, size,

and charge of atoms, the order of polarity is CaO[MgO.

The size of Mg2? is smaller than Ca2?, due to this it has

more covalent character than later that causes a decrease in

polarity. On the contrary, it is interesting to note that in the

case of n = 4 clusters, (CaO)4, the stability order using the

BE, RE, and DGform parameters is: cube (BE: - 4.02 eV;

RE: - 2.77 eV; DGform: - 14.38 eV)[ ladder (BE:

- 3.50 eV; RE: - 0.66 eV; DGform: - 12.51 eV)[ ring

(BE: - 3.33 eV; RE: 0.00; DGform: - 11.96 eV) at

B3LYP level of study which resembles very well to rela-

tive each other as it is expected [see Fig. 1 for n = 4 ring

possessing D4h point group and Fig. 2 for its two isomers

[cube like structure (species 4a in the Table 2) and ladder

structure constituted by three squares (4b in the same

Table)] which behavior is similar as in the case of Mg–O

tetramer clusters. The M06-2X approach also gives the

same stability pattern as cube (BE: - 4.69 eV; RE:

- 3.51 eV; DGform: - 17.01 eV)[ ladder (BE:

- 4.04 eV; RE: - 0.92 eV; DGform: - 14.63 eV)[ ring

(BE: - 3.81 eV; RE: 0.00; DGform: - 13.81 eV) for n = 4

clusters as observed in the framework of the B3LYP

method. In the case of (MgO)4, it should be noticed that

(MgO)4 planar structure is 0.73 eV higher in energy than

its global minima (cube-like structure).

Table 2 Binding energies

(BEs), relative energies (REs),

and Gibbs free energy of

reaction (DGform) of planar

(CaO)n rings

S. No. n Species

isomer

BE of (CaO)n
(eV)

RE of (CaO)n
(eV)

DGform

(eV)

1 3 3a 3.16 (3.64) 0.10 (0.03) - 8.53 (- 9.95)

2 4 4a 4.02 (4.69) - 2.77 (- 3.51) - 14.38 (- 17.01)

3 4 4b 3.50 (4.04) - 0.66 (- 0.92) - 12.51 (- 14.63)

4 5 5a 3.69 (4.27) - 1.55 (- 2.05) - 16.50 (- 19.30)

5 5 5b 3.98 (4.62) - 3.00 (- 3.82) - 17.78 (- 20.97)

6 5 5c 3.63 (4.17) - 1.22 (- 1.57) - 17.21 (- 18.90)

M06-2X computed values are given in parentheses

Fig. 2 Isomers of (CaO)n
clusters optimized at B3LYP

and M06-2X levels of theory

using 6-311??G(d,p) basis set

with their energies relative to

planar rings. Relative energies

(B3LYP, M06-2X) are also

given
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Moreover, for n = 5, the optimized structures of the

clusters of (CaO)5 have been displayed in the Fig. 1 (ring

with D5h point group) and Fig. 2 (three isomers of the ring

cluster as 5a, 5b, and 5c given in the Table 2). Employing

the B3LYP level of study, the stability pattern has been

probed as: 5b (BE: - 3.98 eV; RE: - 3.00 eV; DGform:

- 17.78 eV)[ 5a (BE: - 3.69 eV; RE: - 1.55 eV;

DGform: - 16.50 eV)[ 5c (BE: - 3.63 eV; RE:

- 1.22 eV; DGform: - 16.21 eV) which is also supported

by the M06-2X level of theory with the appearance of the

same stability order as: 5b (BE: - 4.61 eV; RE:

- 3.82 eV; DGform: - 20.97 eV)[ 5a (BE: - 4.27 eV;

RE: - 2.05; DGform: - 19.30 eV)[ 5c (BE: - 4.17 eV;

RE: - 1.57 eV; DGform: - 18.90 eV).

Furthermore, the value of BE increases with the increase

in n, which is in accordance to their decrement in the bond

lengths. Therefore, their stability increases as there is an

increment in the size (n) of (CaO)n rings. This is primarily

because of the increase in the polarity of the Ca–O bond

(vide infra).

Vibrational Properties

The calculation of vibrational properties provides further

insight into the stability of equilibrium structures. The

optimized structures with all real frequencies belong to true

minima in the potential energy surfaces. It should be noted

that our vibrational frequency calculations provide all real

frequencies for (CaO)n clusters at both B3LYP and M06-

2X levels. In order to focus on the vibrational character-

istics of (CaO)n clusters, intense normal modes of vibra-

tions have been listed in Table 3 along with their

assignments.

It can be seen that vibrational frequencies and normal

mode intensities increase with the enhancement in the size

of the rings (n). For example, CaO stretching frequency

increases from 621.5 cm-1 with intensity 338.5 a.u. in

(CaO)2 to 698.9 cm-1 with intensity 1275.4 a.u. in (CaO)5

while in the case of Mg–O ring clusters, the vibrational

frequency hikes from 654.2 cm-1 with intensity 148.4 a.u.

and goes to 910.2 cm-1 with intensity 568.2 a.u. in (MgO)5

employing the same aforementioned computational

method. The M06-2X functional also provide the normal

mode of vibrations along with the intensity in the similar

fashion as observed at B3LYP level of study. This obser-

vation is in accordance with the increase in the BE, hence

the stability of (CaO)n clusters. The observations based on

stretching frequency clearly shows that each Mg–O bond of

all the rings clusters of MgO is stronger than their corre-

sponding ring clusters of CaO. The lower stretching fre-

quency of the (CaO)2 dimer system as compared to the

CaO monomer system is consistent with its larger Ca–O

bond distance. The frequencies corresponding to the in-

plane bending of (CaO)n clusters decrease along with

decrement in their corresponding intensities. On the con-

trary, it is nice to notice that out-of bending vibrations have

nearly equal frequencies but their intensities increase with

the increase in n. It is also to be noted that the frequencies

of the twisting mode of (CaO)n clusters decrease slowly

while their intensities enhance abruptly with the increase in

the size of the cluster.

Electronic Properties

The highest occupied molecular orbitals (HOMOs) as well

as lowest unoccupied molecular orbitals (LUMOs) of CaO

monomer as well as (CaO)n (n = 2–5) planar ring clusters

can be seen in Fig. 3. The HOMO, LUMO surfaces and

their energy gap values have a pivotal role due to their

orbitals (HOMO–LUMO) energy contribution and the

contribution of orbitals on the molecular surface when they

interact with the other molecule. It is interesting to notice

that the contribution of p atomic orbitals of O is found in

HOMOs and the LUMOs are contributed by s atomic

orbitals of Ca which are in accordance with the results of

the Mg–O clusters. The plotted molecular orbital energy

spectra of (CaO)n (n = 2–5) planar ring systems can be

seen from Fig. 4.

The chemical reactivity of (CaO)n can be analyzed in

terms of HOMO–LUMO energy gap. The smaller HOMO–

LUMO gap (HLG) corresponds to the more reactive (less

Table 3 Vibrational frequency, IR intensity and mode assignments

of planar (CaO)n rings

n Frequency

(cm-1)

Intensity

(a.u.)

Vibrational assignment

1 763.5 (782.9) (R) 84.7 (187.1) Stretching

2 621.5 (627.0) (Bu) 338.5 (416.0) Stretching

522.1 (535.9) (Bu) 362.6 (440.2) In-plane bending

212.7 (243.7) (Au) 173.6 (202.9) Out-of-plane bending

3 683.1 (698.1) (B2) 437.0 (494.6) Stretching

453.1 (470) (B2) 181.2 (176.7) In-plane bending

195.0 (207.5) (B1) 290.0 (336.4) Out-of-plane bending

121.8 (122.8) (A1) 43.5 (55.2) Twisting

4 693.2 (709.5) (Eu) 824.6 (853.4) Stretching

371.7 (393.4) (Eu) 130.8 (131.5) In-plane bending

185.6 (200.3) (A2u) 428.1 (478.1) Out-of-plane bending

140.7 (161.6) (Eu) 128.4 (138.9) Twisting

5 698.9 (721.5) (E1
0) 1275.4 (1263.0) Stretching

311.4 (311.8) (E1
0) 88.4 (70.8) In-plane bending

183.3 (203.2) (A2
00) 564.1 (627.3) Out-of-plane bending

167.4 (166.6) (E1
0) 217.2 (232.1) Twisting

M06-2X computed values are given in parentheses
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stable) systems. The HLG of (CaO)n rings (listed in

Table 4) suggests that (CaO)2 ring (the lowest

HLG = 2.39/4.32 eV using B3LYP/M06-2X methods)

should be most reactive whereas (CaO)3 ring with the

highest HLG value 3.62 eV (least reactive) using the

B3LYP method and (CaO)4 ring (the highest HLG

value = 5.68 eV employing the M06-2X method) is the

least reactive among all (CaO)n species. The similar out-

comes have been observed in the case of Mg–O clusters

(n = 2 and 3) at B3LYP level of study. The HLGs of CaO

monomer and Ca–O clusters (n = 2–5) increases from

n = 1 to n = 3(4) at B3LYP(M06-2X) level and then

decreases at both levels of study which is illustrated in

Table 4 while in the case of Mg–O clusters, the HOMO–

LUMO energy gap values increase from n = 1–3 and then

become almost constant from n = 3–5.

The negative of energies of HOMO and LUMO can be

approximated by ionization potential (IP) and electron

affinity (EA) within the framework of Koopmans’ theorem.

The calculated IP and EA values of (CaO)n clusters are

listed in Table 4. The IP values for the (CaO)3 ring (4.81

and 6.40 eV employing B3LYP and M06-2X methods,

Fig. 3 HOMO (upper set) and

LUMO (lower set) surfaces of

(CaO)n rings

Fig. 4 Molecular orbital energy

spectra of (CaO)n rings at

B3LYP/6-311??G(d,p) level.

Red and yellow lines

correspond to occupied and

unoccupied orbitals,

respectively (Color

figure online)

Table 4 Electronic parameters

of (CaO)n rings calculated at

B3LYP/6-311??G(d,p)

method

n Ionization potential

(eV)

Electron affinity

(eV)

HOMO–LUMO gap

(eV)

NBO charges (e)

Ca O

1 4.71 (5.96) 2.32 (1.64) 2.39 (4.32) ? 1.36 (? 1.44) - 1.36 (- 1.44)

2 4.60 (6.10) 1.44 (0.99) 3.16 (5.11) ? 1.52 (? 1.59) - 1.52 (- 1.59)

3 4.81 (6.40) 1.20 (0.74) 3.62 (5.66) ? 1.60 (? 1.67) - 1.60 (- 1.67)

4 4.60 (6.37) 1.13 (0.69) 3.47 (5.68) ? 1.65 (? 1.70) - 1.65 (- 1.70)

5 4.48 (6.26) 1.09 (0.64) 3.39 (5.62) ? 1.67 (? 1.72) - 1.67 (- 1.72)

M06-2X/6-311??G(d,p) computed values are given in parentheses
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respecively) further suggests that it has least tendency to

donate the electron i.e. less reactive. The EA of (CaO)n
rings decreases with the increase in n from 2 to 5 using

both levels of study. This also indicates the enhanced sta-

bility of (CaO)n clusters with the increase in n which is

consistent with the increase in their BEs and the DGform

values (see Table 1).

In order to analyze the charge distribution, we per-

formed the NBO based population analysis. In a recent

study, we have shown that NBO charges are more reliable

when compared with various other population schemes

[38]. The NBO charges on Ca and O atoms of (CaO)n
clusters are also listed in Table 4. One can see that the

NBO charges increase with an increase in the size of the

ring, consequently increasing the polarity of the Ca–O

bond. For instance, in (CaO)2 ring, there is a charge

transfer of approximately ? 1.52 e from each Ca to O atom

while in the case of Mg–O dimer ring cluster, the NBO

charge on the Mg has been reported as ? 1.59 e which is

greater than the NBO charge on Ca in (CaO)2 ring. The

charge transfer increases from ? 1.52 to ? 1.67 e in

(CaO)n (n = 2–5) cyclic clusters as can be discerned from

Table 4. Using M06-2X functional, the NBO charges can

also be verified from the Table 4 which is in accordance

with the former B3LYP method. This increase in polarity

of the Ca–O bond is responsible for the increase in the BE

values of (CaO)n and hence their stability.

Hydrogen Storage Behavior

Calcium oxide (CaO) usually exhibits a higher activity

among alkaline-earth metal oxides used in such processes

because of a more delocalized electron distribution across

the surface of oxygen atom of the CaO molecule [39].

Adsorption and reactivity study on CaO have been pri-

marily employed on powders. As a result of the charge

transfer in (CaO)n clusters (see Table 4), Ca–O bond

begins to be polar which creates a local electric field and it

is sufficient to polarize H2 molecules and hence bind them

to the ring clusters. Since the cluster can adsorb the H2

molecule and release it based on the requirements. For

optimum hydrogen storage, Ead (threshold value) equals

0.1–0.4 eV/H2 [15–17], implying that hydrogen can be

adsorbed and desorbed easily under standard operating

conditions.

We consider the case of (CaO)4 and (CaO)5 cyclic rings,

as these rings are more polar and stable. The formula for

adsorption energy (Ead) per H2 molecule is represented as;

Ead ¼
EfðCaOÞng þ m� EfH2g � E ðCaOÞn þ mH2

� �� �

m

where E{(CaO)n ? m H2} represents the total electronic

energy of (CaO)n (n = 4, 5) with adsorbed H2 molecules

and m is the number of H2 molecules adsorbed.

The hydrogen adsorption mass ratio (wad) has also been

calculated as;

%wad ¼ m�MH2

m�MH2 þM CaOð Þn
� 100

where M is the molecular weight of respective chemical

species.

In order to get clear insights into the adsorption behavior

of such ring clusters studied here, a number of H2 mole-

cules are added one by one to the (CaO)n (n = 4 and 5)

rings and the resulting structures have been reoptimized at

the same level of theory. The procedure is rehearsed until

the adsorption energy, Ead becomes comparable to

0.10 eV. After optimization of the successive interaction of

Ca–O clusters with hydrogen molecules, we get a

stable configuration of four hydrogen molecules adsorbed

(CaO)4 and five H2 molecules adsorbed (CaO)5 cluster as

displayed in Fig. 5. In the case of (CaO)4, the H2 molecules

are polarized due to charge transfer effectively from O

atom. One can note that the NBO charges on Ca and O

atoms reduce to ? 1.63e and - 1.60e from ± 1.65e in

(CaO)4 ring. The distance of adsorbed H2 is 2.70 Å from

Ca and 2.08 Å from O atom in (CaO)4 with the Ead of

0.12 eV per H2 however, in the case of (MgO)4 cluster, all

H2 molecules have been adsorbed (Ead = 0.14 eV) by

magnesium sites with the average distance 2.35 Å.

On the contrary, it is interesting to notice that in (CaO)5

ring cluster all hydrogen molecules are adsorbed by Ca

sites with a distance of 2.72 Å which give the similar kind

of H2 adsorption site as obtained in the case of (MgO)5 ring

cluster with the average distance 2.36 Å. The atomic

charges on each Ca atom reduce to ? 1.64e from

? 1.67e in free (CaO)5 ring cluster. The adsorption energy,

Ead is found to 0.10 eV/H2 which is sufficiently large to

confirm that hydrogen molecules remain physisorbed and

they are feasible for the reversible adsorption phenomenon

under optimum conditions. The percentage mass ratio of

adsorbed hydrogen molecules by the Ca–O ring clusters

has been calculated as 3.47% which is smaller than that of

corresponding Be–O (7.5%) as well as Mg–O (4.76%)

clusters which have been studied recently [28, 40]. The

electronic properties and the hydrogen storage behavior

(via the adsorption process) of the Mg–O clusters have

been reported by the other research groups which also

provide subtle as well as relevant information [41–43].

Very recently, a similar kind of computational study on

planar Be–O pentamer ring cluster has been exhibited to

adsorb five hydrogen molecules having adsorption energy

0.10 eV [40]. Thus, like Be–O and Mg–O clusters, (CaO)n
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clusters studied here, can also be used effectively for

hydrogen storage which nowadays, is widely used.

Conclusions

In summary, a systematic study on structures, stabilities,

vibrational, electronic, and hydrogen storage properties of

(CaO)n clusters have been performed using B3LYP and

M06-2X functionals having different percentage of HF

exchange. The planar equilibrium structures for (CaO)n
clusters (n = 2–5) were obtained and their stabilities were

analyzed systematically. It has been noticed that the sta-

bility enhances with the increase in the size of clusters. The

stability is found to be further enhanced with the increase

in the contribution of HF exchange, i.e., from B3LYP to

M06-2X functional. All fundamental modes of vibrations

were assigned and observed trend of their vibrational fre-

quencies and IR intensities have been discussed. Electronic

properties of (CaO)n clusters are discussed by HOMO and

LUMO surfaces as well as their other various derived

electronic parameters such as ionization potential, electron

affinity, etc. Finally, we have discussed the hydrogen

adsorption on planar (CaO)4 and (CaO)5 ring clusters with

adsorption energies 0.12 and 0.10 eV, respectively and

compared our results with (MgO)n clusters which suggest

easy, efficient, and eco-friendly hydrogen storage capabil-

ity of (CaO)n and their future applications like Be–O and

Mg–O clusters. From the above, it is concluded that the

present study is yet another interesting recipe like Be–O as

well as Mg–O clusters as to the utility, ability, and richness

of the efficient, easy, and eco-friendly hydrogen storage

behavior in general. Such works may assist researchers to

design suitable nanoclusters having capability of effective

hydrogen storage in the field of nanotechnology.
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